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ABSTRACT  
The integration of two-dimensional materials such as transition metal dichalcogenides with 
bulk semiconductors offer interesting opportunities for 2D/3D heterojunction-based novel 
device structures without any constraints of lattice matching. By exploiting the favorable 
band alignment at the GaN/MoS2 heterojunction, an Esaki interband tunnel diode is 
demonstrated by transferring large area, Nb-doped, p-type MoS2 onto heavily n-doped 
GaN. A peak current density of 446 A/cm
2
 with repeatable room temperature negative 
differential resistance, peak to valley current ratio of 1.2, and minimal hysteresis was 
measured in the MoS2/GaN non-epitaxial tunnel diode.  A high current density of 1 kA/cm
2
 
was measured in the Zener mode (reverse bias) at -1 V bias. The GaN/MoS2 tunnel junction 
was also modeled by treating MoS2 as a bulk semiconductor, and the electrostatics at the 
 2 
2D/3D interface was found to be crucial in explaining the experimentally observed device 
characteristics. 
Two-dimensional (2D) layered materials such as transition metal 
dichalcogenides(TMDs)
1
 with no out-of-plane bonds offer interesting opportunities for 
integration with bulk semiconductors such as Si, GaAs and GaN. Integration of diverse bulk 
semiconductors is limited by the need for lattice matching and extended defect control. With no 
constraints of lattice matching, 2D materials can be integrated with bulk semiconductors to 
create novel vertical and lateral heterostructures. More recently, researchers have started 
exploring such 2D/3D heterojunctions for device applications. MoS2/Si heterojunctions have 
been investigated for device applications such as photodetectors
2,3,4
 and solar cells
5
. Researchers 
have also studied MoS2/GaAs
6,7
, MoS2/InP
8
, MoS2/SiC
9
 and MoS2/GaN
10,11,12,13
 heterojunctions 
for a range of device applications . 2D/2D (MoS2/WSe2
14,15,16
, BP/SnSe2
17
 , WSe2/SnSe2
18
 ) and 
2D/3D (MoS2/Ge)
19
 heterojunctions-based interband tunnel diodes and tunneling field effect 
transistors have also been experimentally demonstrated. 2D/3D heterojunctions are in particular 
very attractive for low power logic devices with steep subthreshold slope
19
 as 2D channel 
material enables excellent electrostatic gate control, and the use of 3D semiconductor enables 
ultra-sharp doping profiles and engineering of the band lineup to increase tunneling current. 
Integration of 2D-layered materials with wide band gap semiconductors such as GaN is 
particularly interesting due to the complimentary properties of these material systems. While 
GaN and AlN have high breakdown fields enabling high power/voltage device operation, there 
are fundamental challenges in p-type doping of GaN, AlN
20
 and ZnO
21
. Transition metal 
dichalcogenides with lower band gap can offer excellent current spreading properties due to high 
mobility even when they are atomically thin. Previous investigations on GaN/MoS2 PN diodes
10
 
 3 
indicated a very low value of conduction band offset (ΔEc ~ 0.2 eV). The very small value of 
conduction band offset resulted in a space charge region in GaN with a built-in potential (Vbi = 
1.5 V) much smaller than the band gap of GaN (3.4 eV)
10
. Such a band line up is expected to be 
suitable for an Esaki interband tunnel diode
22
 provided the depletion width is designed to be 
sufficiently narrow by employing heavy doping. In this work, we report a p
+
 MoS2/ n
+
 GaN 
interband tunnel diode formed by transferring multilayer Nb-doped p
+
 MoS2 to molecular beam 
epitaxy grown n
+
 GaN. We observe high forward and reverse tunneling current with the 
characteristic negative differential resistance observed in forward bias at room temperature. 
Minimal hysteresis measured in the IV characteristics indicates the promise of such non-epitaxial 
heterointerfaces for extreme band engineering without lattice matching constraints.  
p
+
 MoS2 was grown by sulfurizing a sputtered Mo/Nb/Mo stack on sapphire ( 1 cm x 0.8 
cm) with MoS2 powder as the sulfur source in a vacuum sealed quartz tube at 1100
o
 C. Nb acts 
as p-type dopant in MoS2 
23,24
and we have reported large area heavily p-type doped multilayer 
MoS2 on sapphire
25
 using this approach
26
. Large-area multilayer, p-type MoS2 was characterized 
by X-ray diffraction(XRD) and the films were found to be crystalline as evident from (002), 
(004) and (006) MoS2 peaks observed in XRD spectra (Figure 1(a)). Atomic force microscopy 
images (Fig. 1(b)) revealed a smooth surface morphology with a root mean square roughness of 
0.6 nm. P-type conductivity was confirmed in the as-grown p
+
 MoS2/sapphire film using Hall 
measurements with Ni/Au contact pads e-beam evaporated at the four corners of the film. A 
sheet resistance of 164 kΩ/□, sheet charge density of 7.6 x 1013 cm-2 and a Hall mobility of 0.5 
cm
2
/ V s was measured. The equivalent volume charge density is calculated to be 1.1 x 10
20
 cm
-3
 
from the measured sheet charge density and thickness of the film (7 nm). Ni/Au/Ni metal 
contacts were also patterned on large area p
+
 MoS2 using optical lithography. Using a transfer 
 4 
length measurement structure (see Supplementary Figure S1), the resistance was measured as a 
function of length between contact pads (5 um to 25 um). From the linear fit of the total 
resistance versus length, a sheet resistance value of 154 kΩ/□ was extracted. The sheet resistance 
value extracted from transfer length measurement structure is in close agreement with the value 
extracted from large area hall measurements, indicating uniform conductivity across the large 
area p-MoS2 sample. 
n
+
 GaN (20 nm) was grown on n-GaN/Sapphire templates using N2 plasma-assisted 
molecular beam epitaxy (MBE) in Ga-rich growth conditions
27
 at a substrate temperature of 700
o
 
C using standard effusion cells for gallium and silicon dopant. A high silicon doping density of 5 
x 10
19 
cm
-3
 was used to enhance interband tunneling. The target doping density was achieved 
using SIMS measurements on calibration samples (not shown here). The Ga-rich growth 
conditions resulted in excess Ga metal droplets on the surface, which were removed using 
hydrochloric acid.    
p
+
 MoS2 was transferred onto MBE-grown n
+
 GaN using a benign DI water-based 
process
28
 reported earlier
29
. A PDMS stamp was pressed on to p
+
 MoS2/ sapphire and detached to 
create an air gap at the interface. The sample was then immersed in DI water. The MoS2 layer 
was lifted off from the substrate and mm-sized fragments of MoS2 films floated in DI water. p
+
 
MoS2 was then fished out using MBE-grown n
+
 GaN/sapphire sample. The sample was then 
dried overnight and annealed in a vacuum chamber at 110 
o
C to remove any water molecules 
trapped at the MoS2/GaN interface. The resulting device stack is shown in Fig. 2 (a). An optical 
microscope image of the layer-transferred MoS2/GaN diode is shown in Fig. 2 (b), showing the 
Ni/Au/Ni metal contacts on continuous MoS2 layers. Raman spectra (Renishaw, 514 nm laser) of 
as-grown p
+
 MoS2/sapphire, n
+
 GaN/sapphire and layer transferred p
+
 MoS2/ n
+ 
GaN/sapphire is 
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shown in Fig. 2 (c). The characteristic E
1
2g and A1g vibrational modes were observed with a peak 
separation of  26 cm
-1
 were observed and a peak intensity ratio of 1.16 in as-grown 
p
+
MoS2/sapphire. Epitaxial GaN/sapphire showed a very strong Raman peak at 570 cm
-1
 
corresponding to the E2 mode in GaN and a faint A1g mode (419 cm
-1
) corresponding to c-plane 
sapphire. Both the characteristic E
1
2g and A1g modes of MoS2 (peak ratio of 1.08) as well as the 
E2 mode of GaN were observed in the layer-transferred MoS2/GaN sample. However, the signal 
to noise ratio in the MoS2/GaN was about one third of the as-grown MoS2/sapphire indicating 
degradation of material quality during layer transfer.  Inductively coupled plasma/reactive ion 
etching (ICP-RIE) with BCl3/Ar–based chemistry was used to etch MoS2 using Ni/Au/Ni metal 
stack as the etch mask for device isolation. Large area Ni/Au/Ni metal pads directly in contact 
with n
+
 GaN (regions with no MoS2) was used as ohmic contacts to n
+
 GaN.  
A schematic of the equilibrium band diagram of the p
+
 MoS2/ n
+
 GaN tunnel diode is 
shown in Fig. 2(d). Here, the experimentally measured conduction band offset (~ 0.2 eV) 
between MoS2 and GaN from a previous report is used
10
. It should be noted that there is a van 
der Waals gap at the MoS2/ GaN interface and a van der Waals gap between each S-Mo-S layers 
of MoS2. The qualitative charge profile in the MoS2/GaN TJ is also shown in Figure 2(d). The 
space charge regions due to depletion of donors in GaN, depletion of acceptors in MoS2, 
negative spontaneous polarization
30
 sheet charge at the surface of GaN, charged surface donors
31
 
and unintentional positive sheet charge due to O, Si contaminants
32
 at the GaN surface play an 
important role in the electrostatics of the MoS2/GaN junction.  In addition to the sources of 
charge mentioned above, the MoS2/GaN band offset is expected to be different from the electron 
affinity difference due to the presence of interfacial dipoles
33
. Heavy doping on both sides of the 
junction can considerably reduce the depletion region width. The total positive sheet charge due 
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to surface states and O,Si contaminants is denoted as Ninterface, net
+
.  Under forward bias (Fig. 2 
(e)), electrons in the conduction band (Γ valley) of GaN tunnel into empty states (holes) 
available in the valence band of multilayer MoS2
 (Γ valley). Although multilayer MoS2 is an 
indirect gap semiconductor, the interband tunneling process between the Γ valleys is expected to 
be akin to a direct tunneling process. With increasing forward bias, the tunneling current is 
expected to increase until the conduction and valence band are out of alignment. Beyond this 
forward bias, the tunneling current drop until forward bias diffusion current becomes the 
dominant conduction mechanism. This results in negative differential resistance under forward 
bias. Under reverse bias (Fig. 2(f)), the electrons in the valence band of MoS2 tunnel into empty 
states in the conduction band of GaN, and this is referred to as Zener tunneling. 
Z-contrast scanning transmission electron microscope (STEM) images of GaN/MoS2 
tunnel diode device is shown in Fig.3. Individual 2D layers of MoS2, the van der Waals gaps, 
and the individual Mo and S atoms could be resolved in the STEM images. In comparison to 
previous reports of oxidized interfaces between 2D material and bulk semiconductors
19
, the 
heterojunction between layer-transferred MoS2 and GaN reported in this work is fairly abrupt in 
nature. The basal plane spacing (‘a’ lattice spacing) measured from the STEM images indicated 
alignment of the basal planes of GaN and MoS2. 
Electrical characteristics of p
+
 MoS2/ n
+
 GaN tunnel diodes are shown in Fig. 4. Under 
reverse bias, a very high current density was measured even in low reverse bias regime. A 
reverse current density of 1 kA/cm
2
 (315 A/cm
2
) was measured at a reverse bias of 1 V (0.5 V). 
Under forward bias, negative differential resistance was observed at room temperature, which is 
a characteristic feature of interband tunneling in Esaki diodes. A peak current density of 446 
A/cm
2
 was measured at a forward bias voltage of 0.8 V. A valley current of 368 A/cm
2
 was 
 7 
measured at a voltage of 1.2 V, with a peak to valley current ratio of 1.2. Negative differential 
resistance was found to be repeatable and robust during multiple cycles of measurements. The 
double hump observed in the negative differential resistance regime (inset to Fig. 4 (b)) is 
attributed to the oscillations in the measurement circuit due to the presence of negative resistance 
and is a measurement artifact
34
. 
 The device exhibited minimal hysteresis in its IV characteristics when the voltage sweep 
direction was reversed (Fig.4 (c)). The minimal hysteresis observed in a layer-transferred, non-
epitaxial heterojunction such as this indicates the possibility of making high quality 2D/3D 
heterojunctions with minimal charge trapping for a wide range of device applications.  
SILVACO ATLAS
35
 was used to model p
+
 MoS2/GaN TJ. Multilayer MoS2 was treated 
as a bulk 3D semiconductor for simulation purposes, and a conduction band offset of 0.2 eV was 
used based on previous experimental results from MoS2/GaN heterojunctions
10
. A hole effective 
mass of 0.5996m0
36
 was used. Holes are populated in the Γ valley of the valence band in p+ 
MoS2, and hence the tunneling process is expected to be direct. As such, the direct band gap 
value of MoS2 (1.2 eV) was used for the simulation. The following parameters were used in the 
simulation: Conduction band effective density of states (DOS)
 35
 of 6.222e+018 cm
-3
, Valence 
band effective DOS of 6.516e+018 cm
-3
 and Electron affinity
37
 of 3.8 eV. Band structure was 
computed in SILVACO using k.p method and tunneling current was computed using non-local 
band to band tunneling model. 
  Tunneling current density was computed at room temperature for different values of 
Ninterface, net
+
. The peak current density calculated in the case of Ninterface, net
+
 = 4 x 10
13
 cm
-2
 
matches the experimentally observed peak current density (denoted as star in Figures 5 (c)). It 
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should be noted that the calculated current density is “intrinsic” tunneling current. In reality, 
series and contact resistances increases the total voltage drop in the device. The total voltage 
drop in the device can be computed as VEXPT = VSIMULATON,TJ +  JSIMULATION,TJ * ρseries. Using 
ρseries = 1.7 x 10
-3
 Ωcm2, and the computed I-V curve for Ninterface, net
+
 =  4 x 10
13
 cm
-2
, the model 
described here was successfully able to match the experimental peak voltage, forward and 
reverse bias current density (Fig. 5 (d)). This indicates that the electrostatics at the 2D/3D 
heterojunction, interface sheet charge and polarization charge in this case, play a crucial role in 
determining the electrical characteristics of the 2D/3D heterojunction. 
The low resistance GaN/MoS2 tunnel diodes reported here can enable a number of novel 
device applications. With controlled p-type doping, n-type doping and gating, steep slope 
tunneling FETs can be realized with GaN/MoS2 tunnel diodes. The 2D/3D tunnel junction 
reported here, in conjunction with 2D/2D tunnel junctions can enable series connection of 
multiple atomically thin 2D heterostructure-based active regions for applications such as multi 
junction solar cells, multiple color light emitting diodes and multi-spectral photodetectors. With 
no constraints of lattice matching, vertical heterostructures with extreme band gaps can be 
integrated and connected in series with such tunnel junctions. Traditionally interband tunnel 
junctions have been realized in epitaxial heterostructures. This work demonstrates the potential 
of non-epitaxial heterostructures for high performance device applications.  
In summary, we report high current density 2D/3D tunnel junctions with non-epitaxial 
layer-transferred p+ MoS2 on to n
+
 GaN. Repeatable, room temperature negative differential 
resistance with a peak current of 446 A/cm
2
, peak to valley ratio of 1.2 and minimal hysteresis is 
reported. Such 2D/3D heterojunction-based tunnel diodes can enable novel high performance 
vertical heterostructures based on 2D-layered materials and bulk semiconductors. 
 9 
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Figure 1. (a) X-ray diffraction data of crystalline large area p
+
 MoS2 grown by chalcogenization 
of sputtered Mo/Nb/Mo stack on sapphire substrates (b) Atomic force microscope image of p
+
 
MoS2 indicating smooth surface morphology (RMS roughness = 0.6 nm). 
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Figure 2. (a) Schematic of p
+
 MoS2/ n
+
 GaN device structure, (b) Optical micrograph image of 
MoS2/GaN tunnel diode with Ni/Au/Ni ohmic contact to p
+
 MoS2. Ni/Au/Ni is used as a etch 
mask to etch MoS2 to realize device isolation. (c) Raman spectra of as-grown MoS2/sapphire, 
MBE-grown n
+
 GaN/sapphire and layer-transferred MoS2/GaN tunnel diode showing 
characteristic Raman peaks. (d) Equilibrium energy band diagram and charge diagram schematic 
showing various components of charge contribution to the junction electrostatics. (e) Schematic 
band diagram under forward bias and (f) reverse bias illustrating the interband tunneling process. 
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Figure 3. Scanning transmission electron microscope images of layer transferred p
+
 MoS2/ n
+
 
GaN tunnel diode device showing continuous MoS2 coverage, abrupt interface, individual Mo, S 
atoms and van der Waals gaps. 
 
Figure 4. (a) Linear, (b) log current-voltage characteristics of p
+
 MoS2/ n
+
 GaN tunnel diode 
showing repeatable room temperature negative differential resistance, and (c) minimal hysteresis 
measured in between forward and reverse sweeps. 
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Figure 5. (a) Equilibrium band diagram, (b) Log J-V characteristics of the “intrinsic” tunnel 
diode as a function of net interface positive charge (Ninterface,net
+
). The calculated peak current 
density value matches with the experimentally measured value for Ninterface, net 
+
 = 4E13 cm
-2
. (d) 
With the addition of series resistance, the simulated IV characterisitcs match with the 
experimentally measured characteristics. 
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